Enterococcus faecalis is an opportunistic pathogen that ranks among the leading causes of biofilm-associated infections. We previously demonstrated that the endocarditis-and biofilmassociated pili (Ebp) of E. faecalis play a major role in biofilm formation, adherence to abiotic surfaces and experimental infections. In this study, derivatives of E. faecalis strain OG1 were engineered to further characterize functions of Ebp pili. Loss of pili resulted in a 36-fold decrease in the number of closely associated cells when OG1RFDebpABC was mixed with OG1SSpDebpABC, compared with mixing the Ebp + parental strains. In addition, using the Ebp + parental strains as donor and recipient, we found a statistically significant increase (280-360 %, P,0.05) in the frequency of plasmid transfer versus using Ebp 2 mutants in the conjugation experiments. These results demonstrate a previously unrecognized role of Ebp pili, namely, as important contributors to microscale cell aggregation and horizontal spread of genetic material.
INTRODUCTION
The endocarditis-and biofilm-associated pili (Ebp) are surface-associated filamentous structures considered to play a pivotal role in Enterococcus faecalis virulence (Nallapareddy et al., 2006 (Nallapareddy et al., , 2011b Kemp et al., 2007; Singh et al., 2007; Nielsen et al., 2012; Sillanpää et al., 2013) . Ebp pili are encoded by the ubiquitous ebpABC-bps cluster, which codes for the cell wall anchor pilin EbpB, the major shaft pilin EbpC and the fibre tip pilin EbpA. A pilusspecific class C sortase (Bps, for biofilm-and pilusassociated sortase), catalyses the assembly of the structural subunits into pili, before the housekeeping sortase A (SrtA) covalently binds the elongated pili to the cell wall via EbpB (Nallapareddy et al., 2006; Sillanpää et al., 2013) . Studies on ebp regulation identified the upstream ebpR gene (Bourgogne et al., 2007) and the rnjB gene (Gao et al., 2010 ) as activators at the mRNA level, while the Fsr quorum-sensing system was described as a weak repressor (Bourgogne et al., 2006) . In addition, a recent report by Montealegre et al. (2015) demonstrated that E. faecalis uses the rare initiation codon ATT, found in all E. faecalis strains sequenced, as the start codon of the tip pilin EbpA and that this start codon results in reduced expression, at the translational level, relative to an engineered ATG, and negatively affects Ebp-associated functions (Montealegre et al., 2015) .
We previously reported that Ebp pili contribute to biofilm formation, adherence to abiotic surfaces (Nallapareddy et al., 2006; Sillanpää et al., 2013) and adherence to platelets (Nallapareddy et al., 2011a) , fibrinogen and collagen (Nallapareddy et al., 2011b) of E. faecalis, thus supporting the establishment and persistence of this bacterium in clinically important infections. Pili were found to be immunogenic in the human host during infection (Sillanpää et al., 2004) , and their contribution to vascular tissue colonization by E. faecalis was demonstrated in a rat model of infective endocarditis (Nallapareddy et al., 2006) . In addition, deletion of the ebp locus resulted in a diminished capacity of E. faecalis OG1RF to colonize kidneys and bladders in a murine model of ascending urinary tract infection (UTI) and in experimental cathether-associated UTI (CAUTI) Nielsen et al., 2012) . Monoclonal antibodies raised specifically against the major pilin component EbpC, as well as polyclonal anti-EbpA antibodies, were shown to provide protection against E. faecalis CAUTI in mice and infective endocarditis in rats (Flores-Mireles et al., 2014; Pinkston et al., 2014) .
Despite the clear role of Ebp in attachment and infection, no studies have yet assessed their contribution to microscale cell aggregation or dissemination of genetic material. We previously noted that attenuation of OG1RFDebpABC in rat infective endocarditis appeared to be less when using mixed inocula vs mono-inocula, suggesting that piliated cells might entrap non-piliated ones in the vegetation so that more mutant cells were present than when used alone for infection (Nallapareddy et al., 2006) . In this study, we employed ebpABC isogenic deletion mutants of E. faecalis OG1-derivatives and evaluated the effect of this deletion on the ability of E. faecalis to interact with neighbouring cells and to facilitate lateral gene transfer by conjugation.
METHODS
Bacterial strains, construction of mutants and growth conditions. Bacterial strains, mutants and plasmids are listed in Table 1 (Dunny et al., 1978) and derivatives were cultivated in BHI broth supplemented, when appropriate, with 500 mg spectinomycin l 21 and 2000 mg streptomycin l 21 . Liquid cultures were grown statically at 37 uC.
For construction of in-frame ebpABC deletion mutants of E. faecalis OG1SSp and SD234 (OG1RF : : gfp) (DebRoy et al., 2012), we used the previously constructed pTEX5606 vector as described by Nallapareddy et al. (2011b) .
E. faecalis cell-to-cell aggregation experiments. As serum is an environmental condition that elicits pili expression (Nallapareddy et al., 2006 (Nallapareddy et al., , 2011a , E. faecalis cells for the cell-aggregation experiments were cultivated at 37 uC in BHI broth supplemented with 40 % horse serum (BHI-S) (Sigma-Aldrich). Cells in mid-exponential phase were mixed 1 : 1, allowed to interact for 2 h at 37 uC and dilutions were then plated for single colonies on BHI agar. Ninety-six apparently single colonies were randomly picked into the wells of 96-well plates containing 200 ml BHI broth, grown overnight and then replica plated onto BHI agar supplemented with 25 mg fusidic acid l 21 and onto BHI agar supplemented with 500 mg spectinomycin l 21 and 2000 mg streptomycin l 21 to identify colonies that were actually a mixture of OG1RF and OG1SSp cells. A mixed colony was defined as an apparent single colony able to grow on both selective media, indicating that the 'single' colony arose from a mixture of cells of each phenotype.
In a separate experiment, the presence of mixed colonies was evaluated by combining an equal amount (10 8 c.f.u. ml 21 ) of BHI-S-grown GFPtagged OG1RF (OG1RF : : gfp) and OG1RF : : gfpDebpABC cells with either piliated or non-piliated OG1SSp. After 2 h, the mixture was serially diluted, plated on BHI agar and grown overnight. Colonies were imaged using a Gel Doc 2000 System (Bio-Rad) equipped with an UV lamp for GFP detection.
Conjugation experiments. For the conjugation assays, donor cells carrying the plasmid pAMb1 (Clewell et al., 1974) , a non-aggregation . Experiments were done first using OG1RF derivatives as donors and OG1SSp derivatives as recipients. Assays were then repeated using OG1SSp derivatives as donor and OG1RF derivatives as recipients.
After three washes in saline solution to remove the antibiotic, OG1(RF or SSp) : : pAMb1 or OG1(RF or SSp)DebpABC : : pAMb1 were mixed in a 1 : 10 ratio with either OG1(SSp or RF) or OG1(SSp or RF)DebpABC and allowed to conjugate in BHI broth for 5 h at 37 uC. The mating mixture was then serially diluted and plated onto selective agar to enumerate transconjugants.
RESULTS AND DISCUSSION
Previous studies have shown that sortase-assembled pili support bacterial co-aggregation in Actinobacteria (Yeung 2000; Turroni et al., 2013) . We therefore evaluated the possible role played by E. faecalis Ebp pili in mediating cell-cell interactions. As seen in Fig. 1 Consistent with these data, we observed a similar pattern in the percentage of mixed colonies when combining piliated or non-piliated variants of both OG1SSp and gfp-tagged OG1RF cells (Table 2) , that is, a higher percentage of colonies in which part of the colony was Gfp + and the rest was not (Fig. 2) . Hence, these results corroborate the importance of Ebp pili in mediating intercellular aggregation of E. faecalis.
To assess whether co-aggregation mediated by Ebp pili facilitates the transfer of genetic material between cells, we introduced the vector pAMb1, which lacks the aggregation substance that causes cell clumping, into E. faecalis OG1RF (resulting in TX5758), and evaluated its transfer to OG1SSp or OG1SSpDebpABC in 5 h broth mating assays. Transfer of pAMb1 from Ebp + OG1RF cells into the Ebp 2 OG1SSP derivative was 170 % less than transfer into Ebp + OG1SSp (P50.001) (Fig. 3a) . A similar reduction was observed when pAMb1-carrying OG1RF-DebpABC cells (TX5760) were combined with Ebp + OG1SSp (P50.03). Most strikingly, absence of pili on the surface of both donor (pAMb1-carrying OG1RFDebpABC) and recipient (OG1SSpDebpABC) resulted in a 280 % Mixed colonies (%) Fig. 1 . Contribution of Ebp pili to E. faecalis intercellular aggregation leading to mixed colony formation. OG1RF and its Ebp 2 isogenic mutant (TX5608; OG1RFDebpABC) were tested for the ability to form mixed colonies (co-aggregates) with OG1SSp and a non-piliated OG1SSp derivative (TX5756; OG1SSpDeb-pABC). reduction in frequency of pAMb1 transfer compared with the conjugation frequency of the isogenic piliated variants (P50.000006). In addition, we observed similar differences in pAMb1 transfer frequencies (Fig. 3b) Previous studies have shown that Ebp pili are major contributors to the ability of E. faecalis to adhere to components of the extracellular matrix and to form biofilm, phenotypes linked to various enterococcal infections including endocarditis and UTIs (Sillanpää et al., 2013) . When part of a biofilm community, bacteria are less susceptible to the host immune system and to antibiotic treatment; in addition, biofilms are optimal environments for genetic material exchange (Parsek & Singh, 2003) . While we previously showed that pili are important for primary attachment to abiotic surfaces (Nallapareddy et al., 2006) , our results here imply that a further contribution of pili is the promotion of cell-to-cell adherence at a micro-scale level, so that the piliated cells can attach both piliated and non-piliated ones. Thus, even though E. faecalis pili display a bi-phasic expression pattern, with only a portion of the population piliated at any given time (Sillanpää et al., 2013; Pinkston et al., 2014) , the presence of pili on at least some cells can still promote accumulation of bacteria at a given site. In such settings, we speculate that the interactions mediated by Ebp pili may represent a driving force for intercellular attachment, colonization of new sites and biofilm formation and for the mobilization of Histograms depict the mean and SD of at least three independent experiments. Statistical analyses were performed by unpaired t-test. plasmids carrying selective traits, such as antibiotic resistance or virulence factors, therefore providing E. faecalis or other clinically important species with fitness and survival advantages in natural environments. Taking these findings together, the presence of Ebp pili on the surface of E. faecalis cells likely has an important impact not only on colonization and adherence but also on bacterial pathogenicity and the spread of antibiotic resistance.
